Pituitary folliculostellate (FS) cells are characterized by producing S100B protein, as do brain astrocytes. FS cells have some functions in the pituitary gland, i.e. scavenger functions, sustentacular cell activity through cytokines, and intercellular communication through gap junctions. However, the biological significances of FS cells, especially their differentiation capacities in the anterior pituitary gland, are still under discussion. To understand FS cells with new approaches, we generated a transgenic rat expressing GFP under S100b gene promoter, which regulates tissue-specific expression of S100b gene. Using the transgenic rat, we succeeded in inducing skeletal muscle cells from FS cells by culturing it in serum-free medium containing B-27 supplement, thyroid hormone (tri-iodothyronine), epidermal growth factor, and basic fibroblast growth factor. In this study, we also succeeded in inducing skeletal muscle cells from primary cultured astrocytes and astrocyte cell line, C6 cells. Hence, we concluded that pituitary FS cells have wide differentiation potential and have similar characteristics to astrocytes, which not only support cell activity but also support differentiation capacity.
Introduction
Pituitary folliculostellate (FS) cells are stellate and S100B protein-positive cells that surround neighboring endocrine cells by their long cytoplasmic processes, which are considered to act as a sustentacular cell in the pituitary gland. Such morphological characteristics resemble brain astrocytes. However, the biological significance of FS cells is still under discussion.
Pituitary FS cells do not produce any of the classic pituitary hormones, however; they regulate the microenvironment of anterior pituitary gland by surrounding endocrine cells with their cytoplasmic processes and by producing many kinds of growth factors and cytokines (Inoue et al. 1999 , Allaerts & Vankelecom 2005 . We are interested in the differentiation capacity of FS cells, as some of the cells are suspected to act as stem cells in the pituitary gland (Inoue et al. 1999 , Devnath & Inoue 2008 ), similar to brain astrocytes (Laywell et al. 2000 , Alvarez-Buylla & Lim 2004 . Although our previous studies showed that FS cells have a potential to differentiate into skeletal muscle cells (Inoue et al. 1987 , Mogi et al. 2004 , our data were obtained using cell line or grafted pituitary gland. Therefore, we cannot neglect the abnormal differentiation potential of transformed cell lines or heterogeneous cells in the grafted tissue.
On the other hand, we recently generated S100b:GFP transgenic (S100b Tg) rat to detect living normal FS cells and astrocytes (Itakura et al. 2007 ) because S100B protein is specifically produced by FS cells in the anterior pituitary gland and also astrocytes in the brain. Therefore, we used S100b Tg rats and studied the differentiation capacity of FS cells and astrocytes. Here, we report that pituitary FS cells and brain astrocytes have the potential to differentiate into skeletal muscle cells and we discuss the differentiation capacity of those cells.
Materials and Methods

Animals
S100b:GFP transgenic (S100b Tg) rats were generated as described previously (Itakura et al. 2007 ) and were housed individually in a temperature-controlled (22-24 8C) room under a 12 h light:12 h darkness cycle. All experiments were conducted in accordance with the institutional guidelines for animal care of Saitama University, which follows NIH guidelines.
Isolation and cultivation of FS cells and astrocytes from S100b
Tg rats GFP-expressing FS cells were isolated from the anterior pituitaries of S100b Tg rats (over 14 weeks old). The S100b Tg rats are effective for detection and observation of living FS cells with cell-specific expression of GFP (Itakura et al. 2007) . Anterior lobes of pituitary glands were chopped and digested with collagenase, and the suspended cells were sorted with a cell sorter (EPICS Elite, Beckman Coulter, Inc., Brea, CA, USA). Isolated cells were seeded on rat tail's collagencoated 48-well plate (three wells for each group) or 35 mm 2 dishes at 3 . 5-5!10 4 cells/ml and cultured in a medium composed of half DMEM (Life Technologies, Inc.), half Ham F-12 (Life Technologies) (D/F medium) supplemented with 10% donor horse serum (DHS; Nichimen America, Los Angeles, CA, USA), and 2 . 5% fetal bovine serum (FBS; Biological Industries, Ltd., Beit-Haemek, Israel). The cells were cultured in a water-jacketed CO 2 incubator (5% CO 2 and 95% air) at 37 8C.
Astrocytes from cerebral neocortexes were isolated from 1-or 2-day-old S100b Tg rats according to the procedure followed in a previous report (Cristiano et al. 2005) . Briefly, rats were deeply anesthetized and the neocortex was separated. Then, the meninges were carefully excised. The neocortex cells were mechanically dissociated by passages through needles (20G and 27G) . After the dissociation with 0 . 025% trypsin in PBS, neocortex cells were seeded at 5-10!10 4 cells/ml in D/F medium supplemented with 10% DHS and 2 . 5% FBS at 37 8C. The culture medium was changed after 4 days of seeding and subsequently every other day. After 10 days of culture, neocortex cells in flasks were shaken overnight by a shaker to isolate astrocytes using their specific strong adherence to the bottom of flasks (McCarthy & de Vellis 1980 
Induction of skeletal muscle cells from FS cells and astrocytes
The sorted FS cells were cultured for 10 days in a differentiation medium, i.e. serum-free medium (3:1 of DMEM and Ham F-12), which was supplemented with 2% B27 supplement (Invitrogen Corp.), 10 K6 M thyroid hormone (tri-iodothyronine (T 3 ); Sigma Co.), 20 ng/ml epidermal growth factor (EGF; Wako Pure Chemical Industries, Ltd., Osaka, Japan), and 40 ng/ml recombinant human fibroblast growth factor (bFGF; Takeda, Osaka, Japan).
For the induction of astrocytes or C6 cells, they were treated for 3 days in the D/F medium containing serum and 20 mM 5 0 -azacytidine (Sigma Co.). After the treatment, astrocytes were replaced in the serum-free medium (3:1 of DMEM and Ham F-12), which is supplemented with B27 supplement and 10 K6 M T 3 . For the induction of C6 cells, the differentiation medium was additionally supplemented with 20 ng/ml EGF and 40 ng/ml bFGF and serum (2% DHS and 0 . 5% FBS). These cells were incubated at 37 8C for 10 days.
Immunocytochemistry
The cells on culture dishes were fixed with 4% paraformaldehyde in PBS for 30 min. After pretreatment with PBS containing 1% FBS and 0 . 4% Triton X-100 for 1 h, the cells were incubated overnight with the first antibodies for myogenin (1:1000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and myoglobin (1:1000). Following incubation with the Alexa fluor 594/488 donkey anti-rabbit/ mouse IgG antibody, cell nuclei were counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI) and then visualized by fluorescence microscopy. In the time course experiment, the cells cultured for 10 days in the differentiation medium and were incubated with the anti-rat IgG antibody (Vector Laboratories, Inc., Burlingame, CA, USA) for 2 h after the first antibody reaction for myoglobin and then with a biotinavidin immunocomplex (VECTASTAIN ABC KIT; Vector Laboratories) for 30 min. The immunoreaction was detected by staining with a diaminobenzidine solution.
Reverse transcription and quantitative RT-PCR
Total RNA was extracted from the induced cells using ISOGEN (Nippon Gene Co., Tokyo, Japan) according to the manufacturer's instructions. cDNA was synthesized from about 750 ng total RNA using Prime Script reverse transcriptase (Takara Bio, Shiga, Japan) with random primer (Invitrogen Corp.). Quantitative PCR was performed using the LightCycler system with SYBR Premix EX Taq (Takara Bio) according to the manufacturer's recommendations. The following primers were used: myogenin, forward 5 0 -CAGTGAATGCAACTCCCACA-3 0 , reverse 5 0 -CAT-GGTTTCATCTGGGAAGG-3 0 ; S100b, forward 5 0 -GT-CCACACCCAGTCCTCTCT-3 0 , reverse 5 0 -TTCAGCTT-GTGCTTGTCACC-3 0 ; and 18S rRNA (internal control RNA for the normalization), forward 5 0 -CGGCTACCA-CATCCAAGGAA-3 0 , reverse 5 0 -ATTGGAGCTGGA-ATTACCGC-3 0 . Relative mRNA ratio was derived after normalization to 18S.
Results
Differentiation of pituitary FS cells into skeletal muscle cells
In our first experiment, we isolated GFP-positive FS cells from pituitary gland by a cell sorter and cultured in a serumfree medium-added B27 supplement, T 3 , EGF, and bFGF. As shown in Fig. 1A , we found myogenin-positive cells in the cultured anterior pituitary cells. Some myogenin-positive cells were multinucleated and spindle shaped. In order to trace the origin of skeletal muscle cells, the S100b:GFPpositive FS cells (Supplementary Figure 1A , see section on supplementary data given at the end of this article) were traced with a time course experiment. As shown in Fig. 1B , spindle-shaped and S100b:GFP-expressing cells gradually decreased their S100b:GFP intensity in the culture. Finally, the traced cells became myoglobin positive, which indicates that FS cells differentiated into skeletal muscle cells. Also, GFP-positive cells shown at the beginning of trace had low GFP signal (Fig. 1B, 3d ) and then those skeletal muscle cells found in the culture lost their S100b:GFP expression ( Fig. 1A and B) . This would suggest that the traced cell had already started to differentiate into a skeletal muscle cell that does not express S100b gene, like somatic skeletal muscle cells. The quantitative study also showed that myogenin-positive cells were observed only in the S100b:GFP-positive cell. Although the sorted GFPpositive/negative cell groups were respectively cultured in the same condition, we found 10G1 myogenin-positive cells in the GFP-positive cell group (1 . 4% of total 739G74 cells/ well) and no myogenin-positive cells in the GFP-negative cell group (total 36G11 cells/well) (Fig. 1C) . This suggests that the differentiation into skeletal muscle cells in the culture was restricted to FS cells.
Differentiation of brain astrocytes into skeletal muscle cells
To induce skeletal muscle cells, astrocytes were isolated from the cerebral neocortex of rats and were cultured in a serumfree medium with B27 supplement, T 3 , EGF, and bFGF. However, no skeletal muscle cell appeared, unlike pituitary FS cells. Therefore, we treated astrocytes with 5 0 -azacytidine, a DNA demethylation agent, to trigger the differentiation potential of astrocytes. After 10 days of cultivation, some tubular cells appeared in cultured astrocytes ( Fig. 2A; left) . Most of these cells had multinuclei and were positive against the specific protein of skeletal muscle cells, myoglobin and Fig. 2A; middle and right) . Myogenin-positive cells in the culture of astrocytes were observed in a proportion of 0 . 6% (data not shown). This suggests that cultured astrocytes might differentiate into skeletal muscle cells.
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To confirm our finding, we used S100b Tg rats, which enabled us to trace astrocytes with S100b:GFP expression. By the time course observation of astrocytes, we succeeded in tracing the differentiation process of astrocytes into skeletal muscle cells (Fig. 2B) . On the first day of induction in differentiation medium, there was no muscle-like cell in the culture (Supplementary Figure 1B) . Three days after beginning induction, astrocytes expressing S100b:GFP became longer and thicker like a tubular muscle cell. On the sixth day of induction, the cell started contracting autonomously (Supplementary Movie 1, see section on supplementary data given at the end of this article). Finally, we stained cultured cells by immunocytochemistry and found that the muscle cells were positive against myoglobin (Fig. 2B ).
Quantitative experiment of skeletal muscle cell differentiation from astrocytes
We next performed a quantitative experiment in connection with the appearance of myogenin, a transcript factor known to act in the early stage of differentiation of skeletal muscle cells. The mRNA level of myogenin gradually increased ( Fig. 3A ; left) and was especially high at the seventh and tenth day from the induction. In contrast, mRNA level of S100b was dramatically reduced after treatment with 5 0 -azacytidine (from 'pre' to '3d') and gradually decreased from the third to the tenth day ( Fig. 3A; right) . This would again suggest that the developed skeletal muscle cells do not express the S100b gene. Actually, intracellular colocalizations of myogenin and S100b:GFP were different between the early and later stage of induction, i.e. colocalization of S100b:GFP signal, and myogenin was observed on the third and fifth day after induction, whereas it was not observed on the seventh or tenth day (Fig. 3B) .
Differentiation of astrocyte cell line, C6 cells, into skeletal muscle cells
Our finding was confirmed using astrocyte-derived cell line, C6. The C6 cells are a well-characterized astrocyte cell line (Benda et al. 1968) . Similarly, in our study of astrocyte induction, we treated C6 cells with 5 0 -azacytidine for 3 days and then cultured them in a differentiation medium supplemented with B27, T 3 , EGF, and bFGF. Ten days after beginning induction, C6 cells were stained with antibodies against myogenin and myoglobin. We found skeletal muscle cells in cultured C6 cells, which were morphologically long and straight and positive against myogenin (green) and myoglobin (red) (Fig. 4) . Myogenin-positive cells accounted for !1 . 5%. The cell line experiment indicates that skeletal muscle cells found in primary cultured astrocytes were not from other contaminated cells, i.e. we clearly demonstrated the differentiation of astrocytes into skeletal muscle cells.
Discussion
This study used S100b Tg rats, which express GFP in S100B protein-producing cells such as pituitary FS cells and astrocytes. Transgenic rats are very useful and allow us to observe living FS cells or astrocytes. Using this system, we (red) and S100b:GFP (green) at each time point (3d, 5d, 7d, and 10d) was detected by immunocytochemistry. The coexistence of S100b:GFP and myogenin was observed at 3d and 5d. Bar represents 50 mm. Figure 4 Skeletal muscle cells differentiated from C6 astrocyte cell line. Skeletal muscle cells derived from C6 cells were stained with antibodies against myoglobin (red) and myogenin (green). Nuclei were counterstained with DAPI (blue). Scale bar represents 25 mm.
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concluded that pituitary FS cells have the potential to differentiate into skeletal muscle cells (Fig. 1) .
The differentiation capacity of FS cells into skeletal muscle cells may suggest that some of the FS cells are multipotent and contribute to a self-renewal system of the anterior pituitary gland. However, it has also not been clearly shown that FS cells act as stem cells in the anterior pituitary gland; the morphological observation that FS cells closely associate with immature endocrine cells suggests that FS cells are involved in their differentiation (Inoue et al. 1999) . Recently, some S100B-positive FS cells have been reported to express a stem cell marker and a pituitary precursor marker, SOX2 and PROP1, respectively (Yoshida et al. 2011) , which suggests that FS cells have a wide differentiation capacity like organ-specific stem cells. However, it should be recalled that S100B-positive FS cells in the anterior pituitary gland are heterogeneous in origin and are composed of subpopulations with a different potential for differentiation or functional capacity.
In this study, we also found that brain astrocytes had capacity to differentiate into skeletal muscle cells (Figs 2, 3 and 4). Astrocytes have characteristics similar to pituitary FS cells, i.e. they act as supportive cells and produce S100B protein specifically in the brain and in the pituitary gland (Koehler et al. 2006 , Straub & Nelson 2007 . Some astrocytes may reportedly act as neural stem cells in the brain and form neurospheres, which can generate neurons and glial cells (Laywell et al. 2000 , Alvarez-Buylla & Lim 2004 , Ihrie & Alvarez-Buylla 2008 . Although the reported differentiation potential of astrocytes is restricted to the neurons or glial cells, this study shows that astrocytes can also differentiate to express a number of key characteristics of muscle. However, the differentiation capacity of FS cells and astrocytes into skeletal muscle has been shown; the FS cells/astrocytes and muscle cells originate from completely different embryonic layers, ectoderm and mesoderm, respectively. Therefore, our finding reveals their unexpected differentiation.
On the other hand, the most recent labeling experiments of rat/mouse embryo showed that cells derived from the rostral end of neural plate/the anterior neural ridge migrated and composed of Rathke's pouch, which is the primordium of the adenohypophysis (Osumi-Yamashita et al. 1994 , Kouki et al. 2001 . It was also reported that Rathke's pouch was entirely made up of anterior neural ridge-derived cells at E5 of chicken embryo while no neural crest-derived cells existed (Couly & Le Douarin 1985) , and mesenchymal cells surrounding the primordium were from neural crest-derived cells (Couly & Le Douarin 1987) . The neural crest is a temporal structure formed at the lateral border of the neural plate and epidermis of a vertebrate embryo. The cells composing the neural crest migrate widely throughout an embryo after an epithelial-mesenchymal transition. It is also suggested that multipotent neural crest cells contribute to tissue formation (Le Lievre & Le Douarin 1975 . Cultured cephalic neural crest cells of quail embryo show characteristics of stem cells, namely self-renewal and wide differentiation capacity into neuron, glia, pigment cell, myofibroblast, and cartilage (Trentin et al. 2004) . In the later developmental stage (E12 of chicken embryo), the neural crest-derived interstitial cells and pericytes infiltrated the adenohypophysis where they served to form connective tissue (Etchevers et al. 2001) . These reports suggest that neural crest-derived cells are present in the anterior pituitary gland. Cultured normal human brain astrocytes also reportedly expressed neural crest cell markers, SOX10 and p75 (Rieske et al. 2009 ). We propose a hypothesis that some FS cells and astrocytes originate from a neural crest. Some of them might maintain the characteristics of neural crest cells and show differentiation capacity in this study. However, further study is needed to prove the above hypothesis using a transgenic animal in which neural crest cells are genetically labeled and traced in a further stage of development.
Although this study shows that FS cells and astrocytes have differentiation potential, the cell-transforming proportion was low in both FS cells (1 . 4%, Fig. 1C ) and astrocytes (0 . 6%).
We consider that the low proportion of differentiation as in FS cells/astrocytes is not homogeneous even though they both express S100b. FS cells are known to have some functions in the anterior pituitary gland, i.e. supporting neighbor cells by secreting cytokines, scavenger function, and transferring signals through cell-cell gap junctions (Inoue et al. 1999 , Allaerts & Vankelecom 2005 . In addition, S100B-positive FS cells could be classified into some types by expressing factors such as glial fibrillary acidic protein and keratin (Allaerts & Vankelecom 2005) , or SOX2 and PROP1 (Yoshida et al. 2011) . Also, astrocytes are known to have several functions, for instance, as supportive cells and neural stem cells (Koehler et al. 2006 , Ihrie & Alvarez-Buylla 2008 . These reports suggest that FS cells/astrocytes are heterogeneous and share their functions with their subpopulations. In this study, one subpopulation of S100B-positive FS cells/ astrocytes may well have shown differentiation capacity, which works for self-renewal system in their tissues.
On the other hand, the homogeneous C6 cell line also showed a low proportion of differentiation (!1 . 5%). As shown by research in regenerative medicine using embryonic stem cells or induced pluripotent stem cells, it is difficult to induce all homogeneous cells into one differentiated cell, even if they are pluripotent (Mizuno et al. 2010 ). This could be because of the condition of each cell among cultured cells. Eventually, further study is warranted to identify an effective factor to induce a high proportion of differentiated cells. Of the factors used in the present investigation, retinoic acid (RA) in B27 supplement and T 3 may act efficiently to induce skeletal muscle cells. It is also reported that T 3 is indeed a key factor in the differentiation of skeletal muscle (Nagase et al. 1999 , Baumgartner et al. 2007 . Previous studies reported that the heterodimer of receptors for RA and T 3 was bound with the promoter of myogenin gene (Downes et al. 1993) .
To clarify the effects of RA and T 3 on differentiation, further study is warranted.
In conclusion, FS cells are present in the anterior pituitary gland of many species including human in common and surrounding endocrine cells. Also, FS cells and astrocytes share similar characteristics such as a stellate morphology and producing S100B protein. However, although FS cells seem to have important roles for endocrine cells of the pituitary gland, their biological significance has not been clear even though similar astrocytes are well studied and it has been demonstrated that astrocytes have some roles as sustentacular cells or neural stem cells in the brain. By showing the same differentiation capacity of astrocytes and FS cells, we would like to suggest that FS cells have a biological significance in the pituitary gland similar to that of astrocytes in the central nervous system, i.e. FS cells might not only support endocrine cells but also have a role in the self-renewal system of the pituitary gland. This gland has important endocrine function through secreting hormones, and its self-renewal system is well worth studying in this field. Our striking results underscore the need to discuss the roles of FS cells scattered throughout the anterior pituitary gland; they may relate to microenvironment regulation.
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